Abstract: There is a nearly limitless variety of alternatives to the traditional computer mouse, including trackballs, trackpads, joysticks, head-mounted mouse emulators, and eye-gaze systems, each with its own unique strengths and limitations. Two key challenges in selecting the most appropriate pointing device are (1) collecting accurate, comparable data describing the client's performance with each device under consideration and (2) aggregating, analyzing and displaying the data in a format that allows the client, clinician and other interested parties to make an accurate decision. Tools exist for collecting data, but there has been limited research on how to visualize and compare performance data. The investigator has been exploring the use of the speed-accuracy operating characteristic (SAOC) as a means of comparing performance on computer pointing tasks between different pointing devices (e.g., mouse, trackball, touchpad). The SAOC is a graphical representation of the trade-off between speed and accuracy that has been used in a range of timed reaction tasks, including pointing tasks. The SAOC is easy for clinicians, clients and third-party payers to interpret, and provides an efficient means of summarizing and documenting performance but does not replace clinical judgement or eliminate the need for clinician-client interaction.
INTRODUCTION
Choosing the most appropriate assistive technology (AT) is a collaborative decision-making process involving the client, family members, clinician(s), and third-party payers. Clinical experience and AT outcomes studies [1] [2] [3] [4] tell us that the process is, at best, imperfect and open to improvement. One avenue for improvement is through application of the lessons learned from decision-making research. In particular, there is a general need for tools to support accurate decision-making as part of the AT evaluation process [5] . This paper focuses on the specific problem of choosing the most appropriate pointing device for computer access. There is a nearly limitless variety of alternatives to the traditional computer mouse, including trackballs, trackpads, joysticks, head-mounted mouse emulators, and eye-gaze systems, each with its own unique strengths and limitations. Two key challenges in selecting the most appropriate pointing device are (1) collecting accurate, comparable data describing the client's performance with each device under *Address correspondence to this author at the Department of Rehabilitation Science and Technology, University of Pittsburgh, Pittsburgh, PA 15260, USA; Tel: 412-383-6593; Fax: 412-383-6597; E-mail: ris20@pitt.edu consideration and (2) aggregating, analyzing and displaying the data in a format that allows the client, clinician and other interested parties to make an accurate decision [5] .
As shown in Table 1 , several tools are now available for collecting quantitative performance data with a pointing device. These tools are distinguished from others in that they also record the point-by-point movement of the cursor. Some of these programs were developed specifically for use in assistive technology assessments and others were developed by the human factors community for use in experiments. While it is possible to collect data in the clinic, the challenge of visualizing the data in a useful form remains.
The format in which information is displayed can impact which choice is made [5] because people tend to make worse decisions when they have to work harder to interpret the underlying data. A graphical representation can help just by formatting and summarizing data in a way that allows direct comparisons between multiple devices. This paper demonstrates how the Speed-Accuracy Operating Characteristic (SAOC) [8] [9] [10] can be used to provide such a graphical representation.
Table 1. Data Collection Software
Compass [6] http://www.kpronline.com/compass-intro.html 2. BACKGROUND
Measuring Performance on Pointing Tasks
Numerous investigators (e.g., [11] [12] [13] ) have documented the performance of individuals with disabilities when performing point-and-click tasks on a computer. Across investigators, however, there have been large differences in task implementation and performance measures. These differences make it difficult to compare results between studies [14] , reducing their clinical utility.
The human factors community moved to address this problem by incorporating a specific evaluation protocol for pointing devices into the ISO9241-9 standard [15] . The standard specifies a circular pointing task and the use of throughput (measured in bits/second) as the dependent measure compared between devices. Throughput is given by the formula [14] :
where MT is movement time and ID is index of difficulty, given by the formula [14] :
where D is the distance between the cursor's starting position and the center of the target and W is the target's width. Soukoreff and MacKenzie [14] recommend averaging throughput over each index of difficulty within each subject and then averaging over each subject within each device, resulting in a single grand throughput value for each device.
The Speed/Accuracy Trade-Off
One problem with relying exclusively on throughput is that it provides no insight into the trade-off between speed and accuracy. Clients can change their performance under the same experimental condition (i.e., using the same device to perform tasks of equal difficulty) by adjusting their emphasis between speed and accuracy between trials [9] . The index of difficulty calculation can be modified to accommodate this to some extent by substituting the actual target width with the effective target width, which is based on the standard deviation of the end point of each motion [14] . This effective width is theoretically larger when motion is faster and smaller when motion is slower (and more precise).
There are two problems with using this in the clinic, however. First, by compressing the results into a single number, throughput effectively hides the effect of the speed/accuracy trade-off. However, clients and clinicians may be interested in performance under high and low speed conditions because some real-world pointing tasks require greater precision than others, and this should be considered during clinical assessments. For example, working with computer-aided design (CAD) programs or drawing programs that require precise targeting place a much greater than normal emphasis on accuracy.
Second, the nature of the speed/accuracy trade-off dictates that, at low error rates, small changes in error rates can be accompanied by extremely large variations in movement time [9] . In other words, the difference in movement time between two devices may be much greater when one device is operated at 2% error and the other is operated at 3% error than when one device is operated at 20% error and the other is operated at 21% error. Since many clients attempt to minimize errors when trying devices in the clinic, this effect has relevance for clinical practice.
The solution is to have clients use each device under a range of speed/accuracy settings, and to present data from these trials separately for each device, rather than as a single statistic. This requires, of course, an appropriate mechanism for displaying the trade-off between speed and accuracy, and an appropriate definition of what "accuracy" means.
Alternative Performance Measures
A second drawback to relying exclusively on throughput as a basis for comparing devices is that throughput bases accuracy entirely on the end point of the cursor's motion and ignores the cursor's path of travel during each trial [16] . A device that is slightly slower but produces a much straighter path of travel may be preferable to a slightly faster device with a less optimal path of travel for tasks like menu navigation and free-hand drawing, where the cursor's actual path of travel is just as important as the final destination. Furthermore, it is reasonable to expect that analysis of the cursor's path and velocity profile could provide additional insight into the differences between devices that could be relevant for clinical decision making.
Several investigators have recognized the limitations of using throughput as the only performance measure, and have proposed additional, complementary measures. MacKenzie and colleagues [16] developed error measures that compare the cursor's actual path of travel to the "ideal" path of travel. Keates and Hwang [11, [17] [18] [19] [20] extended this work by developing error measures that incorporated the "instantaneous" optimal cursor path. They argued that these measures were potentially more relevant for users with mobility impairments, since the "ideal" path of travel is likely to change if the cursor is thrown off course due to a spasm or tremor.
These measures can provide the client and clinician with a great deal of additional information, at the cost of greater cognitive load required to understand and compare these measures across devices. Furthermore, it is likely that a distinct subset of measures will be of greatest interest for each client. A means of comparing and visualizing these measures would therefore be useful.
The Speed-Accuracy Operating Characteristic
The Speed-Accuracy Operating Characteristic (SAOC) is a graphical representation of the trade-off between speed and accuracy [10] . Pew [8] originally used the SAOC to describe accuracy in choice reaction tasks, but it has since been used (though not widely) in a range of timed reaction tasks. Rival [21] is one of the few investigators who has used the SAOC to show performance in a pointing task under different speed-accuracy settings.
As shown in Fig. (1) , there are two ways to plot the SAOC. The curved relationship between speed and accuracy (shown in the left panel of Fig. (1) ) is more intuitive, but is less conducive to comparisons between devices. The linear relationship between speed and the log of the ratio of accu-racy to error (shown in the right panel of Fig. (1) ) lends itself more easily to device comparisons and is the form of the SAOC discussed in the rest of this article.
When inspecting the SAOC, curves lying towards the lower right represent the least desirable performance (i.e., large movement time and low accuracy) while curves closer to the upper left corner represent the most desirable performance (i.e., short movement time and high accuracy) [10, 22] . Performance is varied along a single curve by changing the emphasis on speed and accuracy [10] . Performance is varied between two curves by changes to the task (e.g., changing the pointing device, the pointing device's operating parameters, or the difficulty of the targets) [10] . The goal of an assessment then, is to identify the solution (device, device configuration, task requirements) that produces the curve closest to the upper left.
APPLYING THE SAOC IN THE CLINIC
Data from a client of the University of Pittsburgh's Center for Assistive Technology (CAT) is used in this section to illustrate the use of the SAOC in the clinic. The client was a 40-year-old female with a C4 spinal cord injury. She was seen at the CAT for an evaluation of her computer access needs in preparation for employment in a call center.
Collecting Data
The first step to constructing the SAOC is collecting performance data with all of the pointing devices under consideration under multiple speed/accuracy settings. Clearly, this requires software for administering pointing tasks and collecting data. Several programs are listed in Table 1 . Each implements a slightly different pointing task, but none implements a pointing task that conforms with the ISO 9241-9 standard. The clinical data described in this article were collected using Compass [6] .
There are several ways to elicit different speed/accuracy behaviors [9, 23] . A simple, but effective, mechanism that was used to collect data for this article is to run trials with different deadlines (of which the client is aware) [23] . Trials with short deadlines encourage faster movement times while trials with longer deadlines allow for a greater emphasis on accuracy.
When collecting data in the clinic there are several practical considerations. Given finite limits to a client's time, endurance and attention span, it is desirable to limit the number of trials with each device. Furthermore, some of the devices being evaluated may be completely unfamiliar to the client, which can make it difficult for them to accurately produce multiple speed/accuracy behaviors. In practice, asking clients to complete two blocks of 12 to 24 trials while being either "really fast" or "really accurate" seems to be an adequate trade-off between expediency and data integrity, but future work is needed to identify the most appropriate number of trials.
The clinical data used in this article were collected over seven blocks of trials with three devices: a standard mouse, a Penny & Giles Roller II Joystick and a NaturalPoint SmartNav head-mounted mouse emulator. The client completed three blocks of 24 trials with the mouse, two blocks of 24 trials with the trackball and two blocks of 12 trials with the head tracker. For all three devices, the client was asked to complete one block of trials as fast as possible, and to complete the second block of trials as accurately as possible. For the third block of trials for the mouse, the client was asked to use the mouse as she normally would. Only 12 trials per block were used for the head tracker due to concerns about fatiguing the client.
Constructing the SAOC
Since movement time is a fairly straightforward measure, the real challenge in constructing the SAOC is calculating accuracy. Fig. (2, panel a) shows an SAOC calculated using the simplest measure of accuracy, in which accuracy is 100% for trials that end inside the target and 0% for trials that end outside of the target, and error is 100% minus accuracy. To avoid division by zero, a trial with 100% accuracy was treated as 99.99% accuracy. As can be seen from the figure, by this measure two of the blocks of trials conducted with the mouse had perfect accuracy, which conceals genuine differences in performance. (2) . Speed-accuracy operating characteristic curves. An alternative measure is the ratio of the distance of the optimal path to the actual distance traveled. This measure has the advantage of considering the entire path of travel, but the disadvantage of not distinguishing between paths that end inside the target and those that do not. Hence, a trial that ends inside the target can be considered less accurate than a trial that ends outside of the target. The resulting SAOC is shown in Fig. (2, panel b) .
The final measure considered thus far combines the prior two measures through a simple decision rule. If the cursor path ends inside the target then the accuracy is the ratio of the distance of the optimal path to the actual distance traveled. If the cursor path does not end inside the target then the accuracy is 0. The principal shortcoming of this approach is that it fails to distinguish between cursor motions that almost reached the target from cursor motions that ended far from the target. The resulting SAOC is shown in Fig. (2, panel c) .
The accuracy calculations described above are but a fraction of the possible formulas that could be considered. Many measures of accuracy are possible [9] , and it is also conceivable that different measures will be needed for different tasks, devices or users. The question of how to calculate accuracy when constructing the SAOC is still very much open to investigation.
Interpreting the SAOC
For this client, the mouse clearly provides greater performance than the trackball or head tracker, based on its location closest to the upper left corner of the SAOC. The trackball would appear to be distinctly better than the head tracker in most situations, although there is overlap between the two curves at low levels of accuracy. Another interesting aspect of the SAOC is the linear shape of the mouse curve, which indicates that the speed/accuracy trade-off holds strongly for this client when using the mouse.
It is interesting to consider how to interpret an SAOC when two curves overlap. The overlap indicates that accuracy at slower speeds is higher with one device and accuracy at faster speeds is higher with the other device. The question then becomes which type of behavior is more common for the user? Additional trials to generate points along the SAOC curves that correspond to the client's "usual" or "comfortable" speed/accuracy trade-off may determine which device is most appropriate.
To the extent an SAOC curve remains linear (or nearly linear), it is worth considering how to interpret the yintercept and slope. A greater y-intercept implies better performance, because the curve will be closer to the upper left corner of the graph. A steeper slope means that small changes in movement time produce large changes in accuracy, whereas a shallow slope means that it is hard to change accuracy by changing moving time.
DISCUSSION
The SAOC presents several advantages to clinicians. It visualizes the trade-off between speed and accuracy [10] , is easy for clinicians, clients and third-party payers to interpret, and provides an efficient means of summarizing and documenting performance. The SAOC is not, however, the sole factor by which pointing devices should be judged. The clinician must still work with the client to evaluate devices on a range of factors, including: posture, pain, fatigue, the likelihood of incurring repetitive stress injuries, aesthetics, compatibility with existing equipment and AT, consumer preference, cost, training requirements and the availability of technical support.
Furthermore, several questions remain regarding the SAOC. Procedural questions include how to best induce performance at different speed/accuracy sets [9] and how many data points at each speed/accuracy setting are needed? It has also yet to be determined what task (or tasks) are most appropriate. Compass, for example, provides a point-and-click task, a click-and-drag task and a menu navigation task. It would be nice to integrate results from all three tests into the SAOC, if possible, since all three tests reflect different aspects of using a pointing device.
Finally, the question of quantitative analysis must be addressed. The SAOC lends itself well to visual analysis, but how does one determine whether a clinically or statistically significant difference exists? The issue of statistical significance can be addressed through linear regression, but what constitutes a clinically significant difference in performance remains an open question.
CONCLUSIONS
The ultimate goal of this research is to develop a clinical tool that clinicians can apply to their practice with little effort. Several steps remain before that goal will be realized. This paper has demonstrated the potential for the SAOC and has identified some of those open research questions.
